ABSTRACT
(2,900,000 L) of chemical dispersant into the flow of oil near the seafloor. Prior to this incident, 23 no deepwater applications of dispersant had been conducted and thus no data exists on the 24 environmental fate of dispersants in deepwater. We used ultrahigh resolution mass 25 spectrometry and liquid chromatography with tandem mass spectrometry (LC/MS/MS) to 26 identify and quantify one key ingredient of the dispersant, the anionic surfactant DOSS (dioctyl 27 sodium sulfosuccinate), in the Gulf of Mexico deepwater during active flow and again after 28 flow had ceased. Here we show that DOSS was sequestered in deepwater hydrocarbon plumes 29 at 1000-1200m water depth and did not intermingle with surface dispersant applications. 30
Further, its concentration distribution was consistent with conservative transport and dilution 31 at depth and it persisted up to 300 km from the well, 64 days after deepwater dispersant 32 applications ceased. We conclude that DOSS was selectively associated with the oil and gas 33 phases in the deepwater plume, yet underwent negligible, or slow, rates of biodegradation in 34 the affected waters. These results provide important constraints on accurate modeling of the 35 deepwater plume and critical geochemical contexts for future toxicological studies. 36 2010 [1] . In both modes, dispersant was added to lower the interfacial tension between oil and 42 water and thereby reduce the size of oil droplets formed by wave action (surface) or by ejection 43 of oil and gas out of the wellhead (deepwater). On the seawater surface, application of 44 dispersants can inhibit the formation of large emulsions or slicks that can coat and harm 45 sensitive coastal environments. Following the addition of a dispersant, oil mixes below the 46 seawater surface and can be degraded or dissolved into the water column [2] . Many 47 induced dissociation (CID) with helium gas. Quantification of DOSS was conducted with the 147 extracted ion chromatogram for m/z 421, via a 7-point standard curve and normalization for the 148 injection standard. The lowest concentration measured in our method is 0.003 μg L -1 , assuming 149 a concentration factor of 400 during extraction. The detection limit could be lowered further if 150 the extracted sample volume was increased. We confirmed our low concentrations by analyzing 151 two large-volume (~7L) samples collected in October 2010 (cast 283, cast 284, Table 2 ). A 152 representative LC/MS spectrum is provided in Figure S2 . Due to the variability in sample 153 storage time period between collection and extraction, we used the 13 C-DOSS to confirm that no 154 large losses occurred during extraction but did not use it to correct our DOSS concentrations. 155
Selected samples were also examined with ultrahigh resolution mass spectrometry. In these 156
cases, aliquots of sample were infused into the electrospray ionization (ESI) interface of a 7T 157
LTQ-Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (LTQ FT-Ultra, 158
Thermo Scientific, MA). Samples were analyzed in negative electrospray ionization mode at 159 400,000 resolving power (defined at m/z 400). Approximately 200 scans (i.e., transients) were 160 collected per sample. The transients were summed, processed and Fourier-transformed 161 according to previously published protocols [7] . The mass spectrometer was calibrated weekly 162 with an external standard (CalMix, Thermo Scientific) and individual summed spectra were re-163 calibrated internally according to a series of ions differing by -CH2 groups [8] . This method was 164 used to characterize field samples and 1 mg mL -1 aqueous solutions of Corexit 9500A and 9527. 165 CID fragmentation of putative DOSS peaks (m/z 421.2263) in Corexit standards and field 166 samples was conducted in the ion-trap with normalized collision energy of 19%. Representative 167 MS/MS spectra are provided in Figure S3 . 168
Percent recovery experiments 169
We conducted three percent recovery experiments to assess our ability to recover DOSS from 170 seawater samples. We tested the recoveries of 1(twice) and 10 μg L -1 DOSS from seawater; no oil 171 was added to this matrix. The critical micelle concentration (CMC) of DOSS is approximately 172 DOSS in the aqueous phase with an additional 40% recovered from the bottle rinse. Thus up to 175 half of the DOSS added in our control experiments adhered to the Teflon bottle walls. We 176 conclude that the bottle rinse is an essential part of quantification of DOSS, particularly if 177 samples are refrigerated where wall absorption can continue during storage. The surface-178 activity of this compound was evident in the fact that samples, or extracts, could not be stored 179 in liquid form (aqueous or organic) for longer than a week without significant (>50%) loss to the 180 container walls. Dilute Corexit solutions (<10 mg mL -1 ) also showed this loss behavior. All 181 DOSS standard solutions must be remade from the solid form every week. As a result, we 182 caution against the use of our extraction protocol on filtered samples due to the likely 183 adsorptive loss of DOSS to filter pores. In our first round of extractions, we lost considerable 184 DOSS to the vial walls during storage between extraction and analysis. We recommend that 185 samples requiring storage be stored dry in the freezer and then reconstituted within a day or 186 two of the anticipated analysis. 187
RESULTS AND DISCUSSION

188
We first detected DOSS in field samples as a peak at m/z 421.2265 (calculated exact mass of 189 negative ion is 421.2263 amu) in FT-MS spectra of PPL extracts of the DCM-extracted aqueous 190 layer ( Figure S3A ). We confirmed the identity of DOSS in two ways. First, we observed peaks 191 consistent with three isotopomers of DOSS (calculated exact masses: 13 Table 1 ). These elevated concentrations coincided with the 216 depth horizon of increased fluorescence signals [11] and of increased methane concentrations, 217 measured by in situ mass spectrometry [12] and by on-shipboard analysis [11] . This depth 218 horizon has been referred to as the deepwater plume of hydrocarbons and gas emanating from 219 this oil spill. It likely represents an intrusion of fluid and fine oil droplets that detrained from 220 the buoyant oil and gas jet above the Deepwater Horizon oil spill and traveled laterally as a 221 result of density stratification and currents in the deep Gulf of Mexico [13, 14] . 222
Dispersant was applied at the sea-surface and at the wellhead (1500 m) during the oil spill. 223 DOSS was present in both Corexit 9527 and Corexit 9500A, at 17% and 10% by weight, 224 respectively, based on our LC/MS method. Nonetheless, our data suggest that the two 225 applications did not substantially intermingle throughout the water column. Instead, the 226 deepwater application appears to have been restricted to the depth horizons where previous 227 investigators found significant oil signatures [11, 12] . Recent data from the Operational Science 228
Advisory Team (OSAT) at the Unified Area Command indicate that another component of thedispersant, the solvent dipropylene glycol n-butyl ether, DPnB, was also enhanced in this depth 230 horizon [3] . This suggests that the dispersant traveled into this 1000-1200m depth horizon and 231
was not transported further towards the surface. This is consistent with the intended role of the 232 dispersant to form very small liquid oil droplets that are retained in deep water, although 233 dissolution with subsequent vertical transport as well as partitioning with other phases such as 234 gas or hydrate cannot be fully excluded. 235
One cast (R/V Cape Hatteras Cast 07, Figure 1 ) consistently shows different behavior than the 236 other casts during May and June. In particular, DOSS is not associated with peaks in florescence 237 or methane concentration, but instead occurs at higher concentrations at shallower depths. We 238 attribute this unique profile to a possible errant injection of dispersant, away from the primary 239 flow of gas and oil from the wellhead. In that case, simple dissolution of DOSS and other 240 dispersant components during ascent would govern the DOSS profile, rather than association 241 with the hydrocarbon flow. Given the unique nature of this profile, we have excluded these 242 data from our interpretations below but we include the data in figures for reference. 243
To assess the extent to which DOSS was trapped in deep water, we compared the observed 244 DOSS concentrations to the concurrent methane concentration in samples from June 2010 245 ( Figure 2A ). We chose methane because it was effectively dissolved in the water column [15] 246 and did not travel appreciably to the surface [11] , because the flux can be estimated [11, 16] , and 247 because it was not markedly affected by degradation at this point in the spill [11] . The DOSS 248 and methane concentrations are correlated (Model II regression; R 2 = 0.80; n = 11; Figure 2A ), 249
suggesting that these two compounds were released concurrently in these waters. By scaling 250 the DOSS to methane ratio by the methane flux rate from the well head (~1.1×10 8 
, we calculate a DOSS release rate of 5200-7100 kg day -1 . Given the highly 252 approximate assumptions involved, this range is remarkably close to the average reported 253 release rate (4800 kg day -1 ; range 1300-8100 kg day -1 , see below). Since most methane was 254 trapped at depth [11] , these calculations indicate that DOSS released at the wellhead became 255 trapped in the deepwater hydrocarbon and gas plume. 256
The nearly 1:1 correlation between DOSS and methane as well as the consistency between their 257 release rates indicates that DOSS was not biodegraded or otherwise lost in the vicinity of the 258 well head during conditions of active flow, as methane was shown to act conservatively under 259 these conditions [11] . DOSS concentration also correlated with CDOM values (Model II 260 regression; R 2 = 0.49, n = 14; Figure 2B ), with dilution being the most obvious factor driving 261 covariance in all three parameters. Our interpretation of these observations is that neither 262 DOSS nor methane was substantially affected by biodegradation close to the wellhead and 263 instead was transported conservatively by deep water currents. 264
To evaluate our hypothesis of conservative transport, we compared our observed DOSS 265 concentrations with those expected from recorded Corexit applications. Based on our analysis 266 of DOSS in Corexit 9500A, we calculate that the average DOSS application was 4800 kg per day, 267
given a Corexit 9500A daily application of approximately 12,500 gallons (see Supplementary  268 Information). In the deep ocean, this means that over 290,000 kg of DOSS were released to 269 surrounding waters over the spill period. In order to estimate an expected DOSS concentration 270 in our samples, we hypothesized a theoretical water parcel within which Corexit might have 271 been fully mixed with oil (details in Supplementary Information). The average DOSS 272 concentration in this parcel after one hour of DOSS application at the average rate would be 7 273 μg L -1 . The total volume of Corexit 9500A applied each day varied widely (3,400 -21,100 274 gallons), so the expected concentrations of DOSS in subsurface water likely vary between 2 and 275 12 μg L -1 . This calculation does not consider higher frequency variability and it assumes that all 276 the DOSS (and dispersant) moved into our defined plume. However, even with these 277 assumptions, measured concentrations (range: 0.4 -12 μg L -1 ) are remarkably similar to the 278 expected concentrations, suggesting that the dispersant was moving conservatively into the 279 plume near the wellhead and was not appreciably degraded or lost during active flow. 280
After flow of oil from the well ceased in July, we measured DOSS concentrations in samples 281 near-and far-field from the Deepwater Horizon oil spill site (September samples). We found 282 that DOSS concentrations had markedly decreased at all sampled sites and DOSS was 283 undetectable in the plume samples located furthest from the spill site ( Figure 3) . We estimatedthe loss of DOSS due to latitudinal turbulent mixing (perpendicular to the center line of the 285 plume), using the approach outlined in Schwarzenbach et al. [17] 
(see Supplementary 286
Information). If we assume that the initial concentration of DOSS at the wellhead was 7 μg L -1 287 and that it would take 45 days for a water parcel to travel 300 km (at an average current velocity 288 of 7.8 cm s -1 [12] ), then the concentration after this time and distance should be approximately 289 0.04 μg L -1 . For 500 km distance (74 days), we find that the expected concentration is 0.01 μg L -1 . 290
With the anticipated variability in DOSS application rate, concentrations at this distance could 291 range between 0.001 and 0.02 μg L -1 . These values are within an order of magnitude of our 292 It is possible that biodegradation or sedimentation is also contributing to the decrease of DOSS 301 concentration in these water masses. However, observed concentrations are similar to those 302 predicted for a given distance and so we conclude that the primary process acting to alter DOSS 303 concentration is dilution. Previous studies in freshwater environments have given conflicting 304 results for biodegradation of DOSS in aqueous solution [18, 19] . Given the variability in DOSS 305 release rates at the wellhead, biodegradation rates would have to exceed the dilution rate by 306 ~10X in order for the impact of biodegradation to be observed in our data sets. Since our data 307 fall within 10X of the expected concentrations, our results do not support a significant 308 component of biodegradation in DOSS fate in the Gulf of Mexico. We cannot test our hypothesis 309 further because there are no conservative oil, gas or dispersant molecules identified at this time 310
(to our knowledge) with which we can normalize our DOSS concentrations. Methane, as used 311 above, is biologically available to methanotrophs in these waters and the elapsed time issufficient for methane oxidation to have occurred [16] . Fluorescent signals are increasingly 313 difficult to distinguish from the background as oil degrades and its bulk fluorescent properties 314 change. In addition, these signals measure a bulk property rather than individual molecules and 315 mask many molecular-level changes that may be occurring during transport. Work is underway 316 in our laboratories to assess the composition (and concentration) of petroleum components 317 remaining in these samples after > 2 months of biodegradation [20] . 318
Based on our observations, we cannot assess whether the dispersant application was successful 319 in reducing the oil droplet size or in increasing the sequestration of oil in deep water. However, 320
we can conclude that DOSS, and presumably the other Corexit components, became 321 sequestered in deep plumes. Two or more possibilities may explain these observations. In one 322 scenario, DOSS dissolved into the water during ascent and detrained at approximately 1100 m 323 through partitioning with methane, water, gas hydrate or other compounds. In this case, if the 324 DOSS dissolved completely or partitioned with natural gas, it may suggest that the dispersant 325 was rendered unavailable to the oil and thus ineffective in dispersing the liquid oil. In a second 326 scenario, Corexit was associated with small liquid oil droplets that were sequestered in this 327 plume [21] . If the DOSS was deposited in these small oil droplets, it may suggest that the 328 chemical dispersion was highly effective. We have rejected the hypothesis that DOSS was 329 associated with large oil droplets since their higher buoyancy would be expected to force them 330 to travel to the surface [21] , presumably releasing dispersant en route [2] . This effect is not 331 evident in our data (except perhaps in the case of Cast 07 from the R/V Cape Hatteras). Chemical 332 measurements of liquid oil components at different depths as well as modeling studies of 333 mixed-phase flow will be needed to distinguish between our two hypotheses for DOSS 334 sequestration in the deepwater plume. 335
Our calculations of dispersant concentrations near the wellhead (or in the deepwater plume) 336 indicate that deepwater, or pelagic, biota traveling through the deepwater plume likely 337 encountered 1-10 μg L -1 DOSS or 10-100 μg L -1 Corexit, between ~1 and 10 km from the actively-338 flowing wellhead, with concentration decreasing with distance. The dispersant was applied at 339 an effective dispersant-to-oil ratio of 0.05%, based on published volume estimates for the spill [22] , but ratios were likely ~10X higher in the plume itself, based on volume estimates for the 341 southwestern plume [12] . Regardless, these concentrations and dispersant-to-oil ratios are lower 342 than those tested in published toxicology assays [2, 18, 23] . However, further tests are needed to 343 assess stress responses of pelagic biota to oil, gas, dispersant and associated mixtures. In 344 particular, our study has not assessed the fates or reactivities of the non-ionic surfactants and 345 the hydrocarbon solvents present in Corexit 9500A, each of which may have unique 346 toxicological impacts. In short, the application of this material in the deep ocean is new and 347 unprecedented and so merits further study of pelagic macro-and microbiota at 348 environmentally relevant Corexit concentrations and dispersant-to-oil ratios. 349 
G. Walton Smith, R/V Cape Hatteras and NOAA Ship Pisces). 361
Supplementary Information Available 362
We include the calculations referred to above as Supplementary Information. In addition, the SI 363 contains ancillary mass spectral data and dispersant application data for our study period Table 5 ) at 293 K (20degC). We estimate the salinity of seawater to be 34 ppt or 34 mg mL -1 seawater. This is converted to molarity with the molecular weight of Na and Cl, to be 0.6 M Na + . Using the Corrin-Harkins equation in Chatterjee et al. [1] , we can estimate the critical micelle concentration under seawater salinity:
Using the data provided for [Na + ] = 0.005 (CMC = 2.03 mM, f = 0.35), we can calculate that the CONSTANT is -0.5. We can now insert the values for seawater salinity to get CMC = 0.38 mM or 178 mg L -1 .
Expected DOSS concentrations during well blowout
We measured the concentration of DOSS in Corexit 9500A and Corexit 9527 using our LC/MS 
We can perform the same calculation for Corexit 9527 (measured density = 28.5 mg / 25 μL) and we calculate that there are 717 g DOSS per gallon Corexit 9527.
For the remaining calculations, we focus solely on Corexit 9500A because that was the formulation used in the wellhead application. The range of daily wellhead applications was 3,400 -21,100 gallons, with an average of 12,500 gallons ( Figure S4 ). The average value during our study period (May 25 -June 19) was 12,400 gallons per day. Given the absence of hourly flow rate data, we assume that these applications were constant over the 24-hour period associated with a given day.
We start with the conceptual model of a water parcel that is small enough to be filled and wellmixed with Corexit 9500A in one hour. We assume a constant current velocity of 7.8 cm / s [2] .
Over an hour, water would travel 279 m at this velocity. This sets the horizontal length dimension of our parcel. We assume the height of the parcel is 100m, estimated from the vertical S3 region of high DOSS concentrations (Manuscript Figure 1) . The horizontal width was assumed to be 1 km, as measured by in situ mass spectrometry by Camilli et al. [2] . We assume that vertical transport of this parcel from the wellhead to ~1100m is short relative to horizontal advective transport. Thus, we assume that water rises to the plume depth instantaneously. 
Expected DOSS concentrations after turbulent mixing through horizontal advection
We approximated the expected dilution factor for DOSS during advective transport through the approach outlined in Schwarzenbach et al. [3] For this calculation, we assume latitudinal transport only, i.e., mixing perpendicular to the plume center line. We assume that vertical mixing and longitudinal mixing (along the plume center line) are negligible due to vertical density gradients and to the continuous addition of DOSS at the wellhead, respectively. The variance associated with turbulent mixing during transport should increase as a function of the apparent eddy diffusivity and time. Thus, we have the equation (9-48 from Schwarzenbach et al. [3] ):
where σ is the variance (units of length), E is the apparent diffusivity (length 2 per time) and t is time. Our furthest point in the September data set is 400 km away from the wellhead. We use 300 km as our reference point in this calculation because it is halfway between 100 and 1000 km on a log plot. Using the figure (9.10) presented in Schwarzenbach et al. [3] , we estimate that E should be 10 7 cm 2 / sec. Using the current velocity of 7.8 cm / sec [2] , we calculate that it would take 45 days for this water parcel to travel 300 km. Thus, We repeated this calculation for shorter travel lengths, 10 km and 100 km. For 10 km, the travel time would be 1.5 days and E was estimated to be 10 5 cm 2 / sec. We calculate σ 2 to be 2.6 km 2 and the new DOSS concentration to be 1.2 μg/L. For 100 km, the travel time would be 15 days and E was estimated to be 10 6 cm 2 / sec. Here, we calculate σ 2 to be 260 km 2 and the new DOSS concentration to be 0.08 μg/L. We calculated that our detection limit of 0.003 μg/L would be reached at 1500 km. 
